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GroutAbstract The purpose of this paper is to study the behavior and efﬁciency of reinforced concrete
square columns strengthened by steel angles and strips (steel cage). An experimental program was
conducted on ten axially loaded column’s specimens till failure. Size of the steel angles, strip spac-
ing, grout material between column sides and angles, and the connection between the steel cage to
the specimen head, were the main studied parameters in this paper. Also, an analytical model was
developed using a simple stress mechanics and strain compatibility to obtain the ultimate loads of
the strengthened columns including the effect of the conﬁning stress due to the steel cage and axial
forces in the vertical angles considering both directly and indirectly connected cases. It was con-
cluded that using this strengthening method is very efﬁcient and a gain in the axial load capacity
of the strengthened columns was obtained. This gain was due to the conﬁnement effect of the
external steel cage, and the ability of the steel angle to resist an extensive part of the applied axial
load. The failure in most of the strengthened specimens was due to the buckling of the steel angle
followed by crushing of the original columns.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
There are many ways to increase the axial load capacity and
available ductility of concrete columns. Adding new concrete
jacket with additional reinforcement, using external steel
angles and horizontal strips, and wrapping the original columnsection with Fiber-reinforced polymers, FRP, are the most
popular methods of strengthening and retroﬁtting concrete
columns. Strengthening of reinforced concrete columns using
steel angles connected by horizontal strips is one of the cheap-
est and fairly easiest available techniques. In this technique,
four steel angles are ﬁxed at the corners of the concrete col-
umns and steel strips; spaced at a rational spacing; are welded
to the angles to form a steel cage. A small gap left between the
steel cage and the surface of the concrete column is then gro-
uted using cement or epoxy grout to ensure full contact
between the two of them. This strengthening method requires
a limited space around the column section when compared
with concrete jackets. It also requires less ﬁre protection than
wrapping with FRP which needs a special protection from ﬁre
hazards.
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umns strengthened by steel cage to study the performance
and the ultimate capacity. Ramirez [1] presented ten repair
methods for local or total repair of concrete columns to
enhance the low strength of the original concrete columns.
Among these methods, steel angles with batten plates were
used. Three different techniques were tested to connect the
steel cage with the head of the original column. When the con-
nection between the head and steel cage was improved using a
special embedded I-section, an enhancement in the strength
and general behavior of the tested columns was observed.
At 1997, Ramirez [2] conducted another group of experi-
ments to strengthen defected concrete columns. Four steel
plates with four angles at the corners were welded to the plates.
Two bonding methods were used to connect the steel plates to
the original defected concrete column. In the ﬁrst group, the
gap between the steel plates and concrete was injected using
epoxy resin and ﬁne sand. While in the second group, an epoxy
adhesive was used to bond steel jacket to the concrete. It was
concluded that the steel plate jacket with injection proved to be
a more reliable method. Debonding of the plates was observed
at low bearing load, and a continuous cracking noise coming
from the mastic layer between plate and angle, till reaching a
sudden failure at the end of the process. This was related to
the low workability and the brittleness of the used adhesion
material.
Cirtek [3] conducted a test program consisted of 39 speci-
mens, of dimensions 300 · 300 · 1500 mm. The head and base
of each column were shod in order to prevent early failure. The
longitudinal reinforcement was welded to the steel shoes. The
steel angles of the bandages may be either continuous or
non-continuous along the column height. The bandage of a
fully banded column had continuous steel angles, while the
bandage of a partially banded column has non-continuous
ones. One of the main conclusions of this work was that the
load-carrying capacity of the columns strengthened with ban-
dage could possibly be increased by almost approximately
55%. Also, a mathematical solution adopting an iterative
method was presented but it is a little bit complicated.
Badr [4] studied the experimental behavior of eight rectan-
gular reinforcement concrete columns with low compressive
strength concrete (about 200 kg/cm2) which were strengthened
by steel jacket. All the specimens were rectangular concrete
columns with an aspect ratio equal to two. The steel jacket
consisted of four vertical angles placed in the column corners
and horizontal strips plates which were distributed along the
length of column and welded to the corner angles. The param-
eters of the study were the size of corner angles, spacing of the
strip plates and the usage of anchor bolts in the middle of the
long side of the columns. The results of the strengthened col-
umns were plotted and the ultimate loads were compared with
the analytical analysis suggested by Wang for conﬁned con-
crete. The comparison between the results showed a good
agreement for the ultimate load of the strengthened columns.
It was proved that decreasing the spacing of the horizontal
steel strips improved the behavior of the strengthened col-
umns. Also the use of anchor bolts to connect strip at the mid-
dle of the long side of the column, raised the strength of the
columns by 16%.
Issa et al. [5] conducted an investigation to evaluate the
behavior of reinforced concrete columns strengthened exter-
nally with steel jacket or ﬁber composite under axial loads.This study consisted of two phases, the ﬁrst phase included
the experimental investigations and the second phase included
both theoretical and numerical analyses. The experimental
program presented in their study included six rectangular rein-
forced concrete columns with the same cross section of
150 · 200 mm and a height of 1200 mm. The steel jacket con-
sisted of four vertical angles at column corners and horizontal
steel plates welded to the corner angles and distributed along
column height. The ﬁber composites consisted of carbon ﬁber
reinforced polymer (CFRP) sheets wrapped around the col-
umn cross section. The main parameter was the type of the
external strengthening. For the steel jacket the variables were
the size of corner angles and the spacing between the steel
plates. From the experimental study, it was concluded that
increasing the area of corner steel angles and decreasing the
spacing between the steel pattern plates of steel jackets increase
the ultimate carrying capacity, and ductility of strengthened
columns.
Adams et al. [6] performed experiments on axially loaded
RC columns strengthened by steel cages as well as numerical
models using ﬁnite elements method to verify the obtained
experimental results. Also, a parametric study was carried
out to analyze the inﬂuence of each of the parameters on the
behavior of RC columns strengthened by steel cages. The
study considered these parameters: the size of the angles; the
yield stress of the steel of the cage; the compressive strength
of the concrete in the column; the size of the strips; the addi-
tion of an extra strip at the ends of the cage; and the friction
coefﬁcient between the layer of mortar and the steel of the
cage. The obtained results of this parametric study were that
the slippage between the steel cage and the column can be
reduced by increasing the size of the strips due to the greater
stiffness of the steel cage in the transverse direction. This
improvement in conﬁnement would also result in a better
transmission of loads between the cage and the column by
the shear stress mechanism.
Other investigators derived mathematical models to simu-
late the axial load-shortening relationship and to calculate
the ultimate load of concrete columns strengthened by steel
cage. Montuori et al. [7] presented a rational methodology
for analyzing reinforced concrete columns strengthened with
angles and battens. The results obtained with such methodol-
ogy were compared to a set of experimental tests. The different
behaviors of the conﬁned and unconﬁned concrete, the possi-
bility of buckling of the longitudinal bars and the inﬂuence
of the adopted structural details were explicitly considered.
Despite the variability of concrete’s resistance, the comparison
between the ultimate resistance predicted by means of the pro-
posed model and the one coming from experimental evidence
showed a good agreement. In addition, the comparison in
terms of moment rotation curves was performed showing a
good agreement too. The theoretical model showed a good
ability to predict the behavior of columns strengthened with
angles and battens, in terms of both deformation and resis-
tance. The strengthening intervention increases the effectively
conﬁned area by means of the conﬁning action of angles and
battens and modiﬁes the degree of conﬁning action occurring
on the concrete that was already conﬁned by hoops before
the strengthening intervention. In addition, another important
factor was represented by the lateral restraint provided by the
cover concrete preventing the buckling of the bars that would
arise in the case of unstrengthened columns.
Figure 1 Reinforcement details of the concrete column
specimens.
Strengthening of RC columns by steel angles and strips 617Gime´nez et al. [8] conducted full-scale tests on RC columns
strengthened with steel cages. The number of strips at the ends
of the columns was increased to prevent premature failure
occurred in a previous study. With this increase, the ultimate
load of the strengthened column was increased. The variables
of the study were as follows: unloading the column before
applying the strengthening and ﬁtting a capital at the joint
between column and beams. It was concluded that the addition
of two strips of a smaller size in the sections near the heads
considerably improved the ultimate load and ductility of the
column.
Calderon et al. [9] presented a new design method of calcu-
lating the ultimate load of an axially loaded RC column
strengthened by steel caging. The formulation of the new pro-
posal was based on the analysis of the failure mechanisms
derived from experimental and numerical studies performed
on full-scale specimens. The results provided by the applica-
tion of the new design proposal were compared with those
from laboratory tests on full-scale strengthened columns and
FE models and are seen to be much more effective than results
obtained from other proposals.
Campione [10] conducted a comparison between the analyt-
ical expressions for the prediction of the load carrying capacity
of strengthened reinforced concrete (RC) columns with steel
angles and strips. The strength contribution due to the conﬁne-
ment effects induced by transverse strips and the strength con-
tribution due to the composite actions of angles and concrete
core taking into account that steel angles subjected to com-
bined axial force and bending moment were the main studied
parameters. In this study, the obtained theoretical results were
compared with good agreement with experimental data avail-
able in the literature and with those obtained by using the
existing theoretical models.
In the view of the above mentioned discussion, it was found
that most research has been concentrated on strengthening col-
umns with low concrete strength (between 15 and 20 N/mm2).
Also, the effect of using different types of grout between steel
cage and the sides of concrete columns has not been
addressed thoroughly. The main objectives of this paper are
as follows:
1. To study the efﬁciency of this strengthening technique
in the case of relatively high strength concrete.
2. To study the effect of not connecting the steel angles to
the head of the specimens (indirectly loaded case). This
to simulate the situation where it is not feasible to con-
nect the vertical angles to the roof slabs and beams.
3. To deﬁne the expected failure modes.
4. To compare the available load carrying equations in
the literature with the obtained results from the
experiments.2. Experimental program
Ten square columns 150 mm · 150 mm were prepared and
casted with two different cube strength values and the total
height of the specimens was 1000 mm. All the tested columns
were reinforced with the same longitudinal 4 bars of diameter
10 mm and tied with 6 mm mild steel square stirrups spaced at
100 mm along the column height and 50 mm at both ends of
the column as demonstrated in Fig. 1. Both the ends of the
specimens were protected using 10 mm steel heads where thegap between the end of columns and the steel head was ﬁlled
vertically with a ﬂowable cementitious grout material. Two ref-
erence columns were kept un-strengthened; one in each main
group. The other eight columns’ specimens were strengthened
using four longitudinal steel angles and horizontal strips of
width equal to 50 mm which were welded to the longitudinal
angles at a speciﬁc spacing. The spacing between horizontal
strips was reduced to 50 mm at both ends close to the steel
head to avoid the risk of local failure at these ends and to
enforce failure to occur at the middle of the column as shown
in Fig. 2. The left gap between the steel angles and strip was
vertically ﬁlled with grout to ﬁll the 10 mm gap. Table 1 shows
the details of the test specimens. The properties of the used
grout mortars are given in Table 2 as provided by the manu-
facturing company. Also the mechanical properties of the steel
angles, steel strips, and steel reinforcement are presented in
Table 3. The tested columns were divided into two main
groups; group 1 was strengthened using four angles
50*50*4.5 mm while in Group 2, columns were strengthened
using four vertical angles 30*30*3 mm.
The tested parameters are as follows:
1. Strength of concrete.
2. Type of grout material injected between column and
the steel cage.
3. Spacing of the horizontal strips.
4. The size of the longitudinal angles.
5. The existence of connection between the steel cage and
both heads of the specimens.
The details of the tested columns are shown in Figs. 1 and 2.
3. Instrumentation and test setup
Tests were carried out with specimens placed vertically. All the
test specimens were tested using 3000 kN hydraulic machine
Figure 2 Details of some strengthened specimens.
Table 1 Details of the test specimens.
Specimen Group Spacing of strips (mm) Corner angles Grout type Angle-head connection fcu (N/mm
2)
N1 (reference) 1 N.A. N.A. N.A. N.A. 57.80
SC1 1 170.00 4L50*50*4.5 Cement Connected 57.80
SCN1 1 170.00 4L50*50*4.5 Cement Not connected 57.80
SCW1 1 260.00 4L50*50*4.5 Cement Connected 57.80
SE1 1 170.00 4L50*50*4.5 Epoxy Connected 57.80
N2 (reference) 2 N.A. N.A. N.A. N.A. 47.50
SC2 2 170.00 4L30*30*3 Cement Connected 47.50
SCN2 2 170.00 4L30*30*3 Cement Not connected 47.50
SCW2 2 260.00 4L30*30*3 Cement Connected 47.50
SE2 2 170.00 4L30*30*3 Epoxy Connected 47.50
N.A. not available.
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Table 2 Mechanical properties of the used grout mortars
according to the manufacturer.
Grout material Compressive strength
(after 24 h) (N/mm2)
Flexural strength
(N/mm2)
Cementitious mortar 18–20 6.95
Epoxy Grout 100 40
Table 3 Mechanical properties of steel angles, strips, and steel
reinforcement.
Item Type fy (N/mm
2) fu (N/mm
2)
10 mm Reinforcement 420.0 –
L 50*50*4.5 Corner angle 415.0 540.0
L 30*30*3 Corner angle 485.0 699.0
fy: Yield stress.
fu: Maximum stress.
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to 100 kN. The instrumentation consisted of two dial gauges
mounted on two opposite faces of each specimen to measure
the axial shortening of the specimens as shown in Fig. 3. In
all strengthened specimens, two strain gauges were placed on
two different vertical angles at the midheight of the column.
Also, two strain gauges were placed on the middle of two per-
pendicular horizontal strips to record strain values at different
loading stages to help to investigate the efﬁciency of these steel
elements in improving the behavior of the strengthened con-
crete columns. The age of concrete in the course of the tests
varied from 60 to 180 days.Figure 3 General views of the test setup showing the measure-
ment instruments.4. Failure modes
For reference columns, N1 and N2 the behavior was similar.
The axial shortening increased in a linear manner till failure.
A sudden failure occurred when parts of the concrete cover
spalled-off and buckling of the longitudinal reinforcement bars
was observed as shown in Fig. 4. During failure of column N2,
the lock of one stirrup started to open outside the section dur-
ing failure stage.
In the case of the strengthened columns, the relation
between load and axial shortening was almost linear till about
75% of the failure load followed by some nonlinear increase in
the axial shortening. The failure in these specimens started
with the buckling of the one or more of the vertical angles fol-
lowed by the buckling of the reinforcement steel bars and even-
tually a crushing of concrete section near these bars as shown
in Fig. 5. In some specimens, it was noted that the weld
between the horizontal strip and vertical angle was broken,
most probably after the occurrence of buckling of the vertical
angles as it is obvious from the buckling shape of the angles as
demonstrated in Fig. 6.
5. Load-axial shortening behavior
The relationships between applied axial load and column axial
shortening of the tested specimens are presented in Figs. 7 and
8. Also, the ratio of the ultimate load of each column to that of
the reference column of the same group is shown in Figs. 9 and
10 respectively. Generally, the ultimate axial load and the
maximum vertical deformations are higher in Group 1 than
those of Group 2 due to the higher concrete compressive
strength of Group 1 and the use of smaller angle section toFigure 4 Failure mechanism of the reference columns.
Figure 5 Failure shape of the strengthened columns.
Figure 6 Fracture of the weld between horizontal strips and the
vertical angle in some strengthened columns.
Figure 7 Axial load versus axial shortening of Group 1.
Figure 8 Axial load versus axial shortening of Group 2.
Figure 9 Ultimate load ratio of group 1.
Figure 10 Ultimate load ratio of group 2.
620 A.M. Tarabia, H.F. Albakrystrengthen columns in Group 2. Figs. 7 and 8 show that the
initial stiffness of the strengthened specimens is higher than
that of the reference column of the same group. Generally,
all the strengthened columns achieved higher maximum axial
shortenings than those of the reference columns without steel
cages. This indicates the gain of more ductility when steel cage
was added. Also, strengthened specimens with steel cage con-
nected to the head achieved higher ultimate loads than those
without connections (SCW1 and SCW2) in the two groups.
This is due to the difference in the load transfer mechanism
of the two cases. When steel cage is not connected to the head,load is transferred to vertical angle from the column body
through adhesion between them, while direct load is trans-
ferred from the head to the steel angle in addition to the adhe-
sion between the two elements. When spacing between
horizontal steel strips is relatively wide (as in specimens
SCW1, and SCW2), the ultimate axial load as well as the max-
imum axial shortenings were less than those corresponding to
columns having smaller spacing between strips. It can be
observed that the increased spacing between horizontal strip,
accelerated the action of buckling of the vertical angles and
this led to the relatively quick failure of these columns. Using
epoxy grout to ﬁll the gap between the steel cage and the con-
crete columns slightly enhanced the general behavior of these
strengthened columns (Specimen SE1) because the ultimate
axial load and the maximum vertical deformations were higher
than those with cement grout (specimen SC1). This is related
to higher bond strength of epoxy grout which delayed the sep-
aration between steel angles and surface of concrete column.
To normalize the axial loads of the specimens, a normalized
load ratio, is obtained using the following equation:
Po ¼ P
fcu  Ac ð1Þ
Table 4 Main results of the tested columns.
Specimen Group fcu (MPa) Pfailure (kN) Max. axial shortening (mm) Max. axial strain Pou ¼ Pfcu Ac
Pfailure
Preference
N1 (reference) 1 57.80 1475.00 0.67 0.0017 1.13 1.00
SC1 1 57.80 2570.00 0.99 0.0025 1.98 1.74
SCN1 1 57.80 1990.00 1.00 0.0025 1.46 1.35
SCW1 1 57.80 2310.00 0.83 0.0021 1.77 1.57
SE1 1 57.80 2600.00 1.64 0.0041 2.00 1.76
N2 (reference) 2 47.50 1050.00 0.69 0.0017 0.98 1.00
SC2 2 47.50 2190.00 1.06 0.0027 2.01 2.08
SCN2 2 47.50 2000.00 1.17 0.0029 1.87 1.90
SCW2 2 47.50 2050.00 0.93 0.0023 2.00 1.95
SE2 2 47.50 2090.00 1.04 0.0026 1.96 1.99
Pou is the normalized ultimate axial load.
Strengthening of RC columns by steel angles and strips 621where Ac is the gross concrete sectional area, fcu is the average
concrete cube strength. Table 4 shows the values of the nor-
malized load ratio at failure, Pou. It is clear that all the
strengthened specimens reached a value more than 150% of
those of the unstrengthened columns with the expected excep-
tion of columns SCN1, and SCN2 in which, vertical angles
were not connected to the head.
6. Load-concrete axial strain behavior
From load and axial concrete strain relationships shown in
Figs. 11 and 12, it is clear that the maximum axial strain is
higher in the strengthened columns than those without steel
cage. This indicates that ductility of the strengthened columns
has been raised by about 50% inmost of the strengthened cases.
7. Load-vertical steel angle strain behavior
The average axial strain records were obtained from the aver-
age readings of the strain indicator and plotted versus the axial
load for each group as shown in Figs. 13 and 14 respectively. It
is clear that indirectly loaded steel angles in columns (SCN1,
and SCN2) showed the least strain values in the two test groups
throughout the whole test when compared with the other spec-
imens and the maximum strain in these angles is less than the
yield value. This is due to the mechanism of load transfer avail-
able in this kind of specimens as previously mentioned. On the
other hand, specimens grouted using epoxy grout showedFigure 11 Normalized load ratio versus axial concrete strain for
Group 1.higher strain value at each load step especially in the case spec-
imen, SE2. This is due to the adhesive effect of the epoxy grout
which is more efﬁcient than that of the cement grout.
As a trial to monitor the axial load carried by both the con-
crete column including the longitudinal reinforcement and the
vertical angles, the values of the average vertical strain mea-
sured on steel angles were used to obtain the axial stress and
the axial load carried by the angles. The obtained results are
given in Table 5. From this table, it is clear that the strength
of the concrete columns in Group 2 was enhanced due to the
use of the steel cage more than those of Group 1 because the
ratio of the conﬁning stress to concrete strength is higher in
this group.
8. Horizontal strip behavior
The main function of the steel strips is to prevent the prema-
ture buckling of the vertical angles and to reduce the horizon-
tal expansion of the concrete section which will result in
conﬁning the concrete section. Figs. 15 and 16 show the mea-
sured stain values on the horizontal strips. Also it should be
mentioned that no strain reading could be obtained during
testing column SCW1 due to problems in the strain gauges.
All the measured values are less than the yield strain of the
strips (about 0.00196). Strain values of columns grouted using
epoxy grout are the highest ones comparing with other samples
due to better adhesion as mentioned before. Also, the maxi-
mum strain values of Group 2 are higher than those of GroupFigure 12 Normalized load ratio versus axial concrete strain for
Group 2.
Figure 13 Axial load versus vertical steel angle strain of Group 1.
Figure 14 Axial load versus vertical steel angle strain of Group
2.
Figure 15 Axial load versus axial strain of horizontal steel strip
of Group 1.
Figure 16 Axial load versus axial strain of horizontal steel strip
of Group 2.
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Group 2 and this indicates that the conﬁning effect is higher
in Group 2 than that of Group 1 except for column SE1 where
epoxy grout was used.
9. Comparison of the available analytical models
According to Eurocode No. 4 [11], the ultimate load of com-
posite columns can be expressed by the following equation:
NplRd ¼ Aa fy=ca þ Acð0:85fck=ccÞ þ As fsk=cs ð2Þ
where Aa, Ac and As are the cross-sectional areas of the struc-
tural steel, the concrete, and the reinforcement, respectively, fy,
fck and fsk are their characteristic strengths and ca, cc, and cs
are partial safety factors at the ultimate limit states. If all theTable 5 Values of calculated ultimate axial loads of steel angles an
Specimen Group Pfailure (kN) Pangle in steel angles (kN)
N1 (reference) 1 1475 0
SC1 1 2570 747.00
SCN1 1 1990 538.65
SCW1 1 2310 747.00
SE1 1 2600 747.00
N2 (reference) 2 1050 0
SC2 2 2190 347.76
SCN2 2 2000 347.76
SCW2 2 2150 383.76
SE2 2 2150 349.20partial safety factors are considered equal to unity for the sake
of comparison with the experimental results, Eq. (2) will be
reduced to:
PuEC ¼ Aa fy þ Acð0:85fckÞ þ As fsk ð3Þ
On the other hand, many investigators tried to obtain an
accurate equation for the load-carrying equation of reinforced
concrete column strengthened by steel angles and horizontal
strips. The main factor implemented in these investigations
was the conﬁning effect of both vertical angles placed in the cor-
ner of the concrete columns as well as the horizontal strips. The
main dimensions of the strengthened concrete column used in
these equations are given in Fig. 17. Campione [10] reported
an analytical expression for the prediction of the load carrying
capacity of strengthened reinforced concrete columns with steel
angles and strips. The ultimate load capacity is given by:
PuCampoine ¼ na  Aa fy þ Ac  fcc þ As fsk ð4Þ
where fcc is compressive strength of conﬁned concrete, and na is
a dimensionless ratio of the maximum axial force available ind corresponding concrete column.
Pconcrete load in concrete column (kN)
Pangles
Preference
(%) PconcretePreference (%)
1475 0.00 100.00
1823.00 50.64 123.59
1451.35 36.52 98.40
1563.00 50.64 105.97
1853.00 50.64 125.63
1050 0.00 100.00
1842.24 33.12 175.45
1652.24 33.12 157.36
1766.24 36.55 168.21
1800.80 33.26 171.50
Figure 17 Details and dimensions of the steel cage.
Strengthening of RC columns by steel angles and strips 623the vertical angles. The conﬁned concrete of Mander et al. [14]
was used to ﬁnd the stress of the conﬁned concrete,
fcc ¼ fco 1þ 4:74 fL
fco
 0:87
ð5Þ
where fL is the average conﬁning stress due to existence of the
steel cage and can be obtained according to the yielding of the
horizontal strips or the vertical angles. If the horizontal strip
yields ﬁrst the,
fL ¼ fystrip  t2
s
L2
b
e 11:5
s
bð Þ
 
ð6Þ
where S is the spacing between strips, t2 is the thickness of the
strip, b is the column width, L2 is the width of the strip, and fy
strip is the yield stress of the strip. But if the vertical angles
yields; which is the case in this paper; then:
fL ¼ 16Mp
ﬃﬃﬃ
2
p
fck
1
bðs L2Þ
" #
ð7Þ
where Mp is the plastic moment of one of the angles related to
the existing axial load in the angle. This moment value can be
obtained by plastic analysis of the angle. Campoine [12]
reported the following equations to evaluate both the plastic
axial load and plastic moment as:
Np ¼ 2L1  t1  fya ð8Þ
Mp ¼ L
2
1  t1
4
fya  ðNpÞ
2
16  fya  t1 ð9Þ
The evaluation of the plastic moment according to the last
equation is iterative. The factor na is evaluated using the fol-
lowing equation using the conﬁning stress:
na ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
t1fyaðt1  fya  L21  qmax S
2
3
Þ
q
2L1  t1  fya 6 1:0 ð10Þwhere qmax is the equivalent conﬁning resultant imposed by
each vertical angle which is given by:
qmax ¼
16
ðS L2Þ2
Mp ð11Þ
As observed by Calderon et al. [9] the behavior of RC col-
umns strengthened by steel caging depends on the determina-
tion of the maximum conﬁnement pressures can be governed
at rupture by yielding of the angles or by yielding of strips.
Two different values of conﬁnement pressures were deduced.
The application of this method to determine the load carrying
capacity requires an iterative procedure. The values of maxi-
mum conﬁnement pressures related to the yielding of steel
angles or steel strips are shown below. In this case, the ultimate
load carrying capacity is obtained as:
PuCalderon ¼ Acð0:85fckÞ þ As fsk þ 2:5:Ac  fL þNL ð12Þ
where Ac is the area of concrete section, fL is the equivalent
conﬁnement pressures related to the yielding of steel strips or
steel angles (can be obtained by the same equation presented
in Campoine model) and NL the axial load supported by the
cage at the end of a strip and can be obtained by:
NL ¼ No  ð1 emL2Þ ð13Þ
where L2 is the width of steel strip, No is the load carried by
concrete and m is deﬁned by:
m ¼ 4lvc
b  1 vc þ bEc2t2EL
  ð14Þ
where l is the friction between steel and concrete
(taken = 0.50), cc is the concrete Poisson’s ratio (=0.20), Ec
is the concrete elastic modulus, EL is the steel elastic modulus,
b is the column width, and t2 is the thickness of the horizontal
strip.
It was noted that the coefﬁcient m, in the previous equation
was obtained assuming a continuous steel jacket around the
body of the column which is different from the case of column
strengthened by steel cage where strips are put at a speciﬁc dis-
tance. Also, the only difference between the two previous mod-
els is the way the force in the vertical angles is evaluated.
As a simpliﬁcation of the above mentioned analytical mod-
els, a simple model is proposed in this study to capture all the
main characteristics of the strengthened column behavior. The
following assumptions are used:
1. Axially loaded square columns sections are studied.
The obtained model can be adjusted to rectangular
sections.
2. Strain values in concrete and directly loaded angles are
equal.
3. Buckling in vertical angles does not occur until yielding
starts.
4. Conﬁning effect due to stirrups is neglected.
5. The axial strength of the grout between steel angles and
concrete column is neglected.
6. The vertical angles in the corners are assumed to be
rigid in the transverse directions and as a result they
do not have any bending deformations. The conﬁning
stresses are evaluated in a similar way to that derived
by Calderon et al. [9]. The lateral strain is obtained by:
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E
 ry
E
mc  rz
E
mc ð15Þ
c c c
where ex, ey, and ez are strain values in X, Y, and Z directions
and (ex = ey for symmetry), rx, ry, and rz are stress in X, Y,
and Z directions respectively, Ec is the modulus of elasticity
of concrete and cc is the Poisson’s ratio of concrete
(taken = 0.2 in this study). Also we have:
rx ¼ ry ¼ fl ð16Þ
And rz ¼ Nc
b2
ð17Þ
where fl is the conﬁning stress, Nc is the axial load carried by
concrete, and b is the column width. Equation of the strain
can be rewritten as:
ex ¼  fl
Ec
þ fl
Ec
mc þ Nc
b2Ec
mc ¼ fl
Ec
ðmc  1Þ þ Nc
b2Ec
mc ð18Þ
The axial stress carried by the horizontal strip can be expressed
as:
rs ¼ flbS
2l2t2
ð19Þ
where S is the spacing of the strips, l2 is the width of the strip,
and t2 is the strip thickness. The axial strain of the strip is:
estrip ¼ rs
Es
ð20Þ
By ensuring deformation compatibility between the concrete
column and the cage (from Eq. (18) and Eq. (20)), we obtain:
fl bS
2l2 t2
1
Es
¼ fl
Ec
ðmc  1Þ þ Nc
b2Ec
mc ð21Þ
Therefore the average conﬁning stress in X and Y directions is:
fl ¼ Nc
b2
mc
1 mc þ b SEc2l2 t2 Es
  ð22Þ
As obtained by Badalamenti et al. [13] the maximum compres-
sive strength of the conﬁned concrete is:
fcc ¼ fcoð1þ 3:7 fl
fco
 0:87" #
ð23Þ
where fco is the unconﬁned strength of concrete. The conﬁning
stress is variable with the increase in the axial load of theTable 6 Comparison between experimental and analytical results.
Group Specimen fcu (MPa) Experimental
Pu (kN) Maximum
1 N1 57.8 1475 0.0017
1 SC1 57.8 2570 0.0025
1 SCN1 57.8 1990 0.0025
1 SCW1 57.8 2310 0.0021
1 SE1 57.8 2600 0.0041
2 N2 47.5 1050 0.0017
2 SC2 47.5 2190 0.0027
2 SCN2 47.5 2000 0.0029
2 SCW2 47.5 2150 0.0023
2 SE2 47.5 2150 0.0026column. Also, the strain corresponding to the maximum con-
crete stress is deﬁned according to Mander et al. model [14]
and given by:
ecc ¼ eco 1þ 5 fcc
fco
 1
  
ð24Þ
The stress–strain relationship of the conﬁned concrete is
modeled as a second degree curve up to the maximum stress
point followed by a straight line till failure. The axial strength
contribution of the vertical angles is due to the axial shorten-
ing of the column if they are directly loaded or due to fric-
tion if they are not connected to the head of the column
(indirectly loaded angles) and the axial force of one angle eval-
uated as:
Na ¼ 2  l1  t1  fs for directly loaded angle ð25Þ
Na ¼
ﬃﬃﬃ
2
p
 fl  b  S  l For indireclty loaded angle ð26Þ
where l is friction coefﬁcient (taken = 0.5 as suggested by
Badalamenti et al. [13]).
The stress–strain curve for directly loaded steel angles is
expresses as:
Esf es if es 6 ey
fy
	
if es > ey
(
ð27Þ
where fy is the yield stress and es is the axial strain in steel
angles. It should be remembered that the axial strain of steel
is equal to that of concrete to ensure strain compatibility.
For each tested column, the suggested analytical model was
applied. The axial strain was increased in a step wise procedure
while the transverse strains, the conﬁning stress, the forces in
concrete, reinforcement steel and vertical angles were obtained.
This procedure was continued till reaching the maximum con-
ﬁned concrete stress and the corresponding axial strain. The
obtained maximum load and corresponding maximum strain
values are given in Table 6. Also the analytical results are
shown in the same table.
It is clear that all the experimental ultimate loads are higher
than those obtained by the analytical model. Also the estima-
tion in the case of Group 1 is more accurate than those of
Group 2. Also obtained analytical strain values corresponding
to the maximum conﬁned stress is higher than the experimental
values. This is due to the load control nature of the used testing
machine. As a comparison, the results obtained from three
available analytical models were calculated and presented in
Table 7. It is clear that both the proposed model and the modelAnalytical
axial strain Pu (kN)
Pana
Pexp
Maximum axial strain
1337.29 0.91 0.0020
2194.60 0.85 0.0043
1590.58 0.80 0.0043
2115.48 0.92 0.0036
2194.60 0.84 0.0043
1008.34 0.96 0.0020
1562.34 0.71 0.0043
1330.64 0.67 0.0043
1497.32 0.70 0.0036
1562.34 0.73 0.0043
Table 7 Comparison between experimental and available analytical model results.
Specimen Group fcu
(MPa)
Pu experimental
(kN)
P (analytical)
(kN)
Pu (Eurocode4)
(kN)
Pu (Campoine)
(kN)
Pu (Calderon)
(kN)
N1
(reference)
1 57.8 1475.0 1337.3 1038.3 1198.3 1033.6
SC1 1 57.8 2570.0 2194.6 1785.3 2133.9 1580.4
SCN1 1 57.8 1990.0 1590.6 1785.3 2133.9 1580.4
SCW1 1 57.8 2310.0 2115.5 1785.3 2016.1 1330.9
SE1 1 57.8 2600.0 2194.6 1785.3 2133.9 1580.4
N2
(reference)
2 47.5 1050.0 1008.3 876.8 1008.3 876.8
SC2 2 47.5 2190.0 1562.3 1226.0 1577.3 1126.8
SCN2 2 47.5 2000.0 1330.6 1226.0 1577.3 1126.8
SCW2 2 47.5 2150.0 1497.3 1226.0 1462.5 994.2
SE2 2 47.5 2150.0 1562.3 1226.0 1577.3 1126.8
Strengthening of RC columns by steel angles and strips 625of Campoine [10] recognize the load sharing of indirectly
loaded vertical angles as they are loaded by friction between
concrete and steel. Also, Calderon et al.’s model [9] gives the
least results as this model evaluates the contribution of the ver-
tical angles through strain compatibility and friction and not
based on direct loading case.
10. Summary and conclusions
In this study, an experimental program was conducted on ten
axially loaded column’s specimens till failure. The main objec-
tives of this paper were to study the behavior and the efﬁciency
of reinforced concrete square columns strengthened by steel
angles and strips (steel cage). Size of the steel angle, strip spac-
ing, grout material between column sides and steel angles, and
the connection between the steel cage to the specimen head,
were the main studied parameters in this paper. The behavior
of the tested columns, axial deformation, axial strain of verti-
cal angles and horizontal strips were obtained and analyzed.
Also, an analytical model was developed in this study using
the simple mechanics and strain compatibility to obtain the
ultimate loads of the strengthened columns. The effect of the
conﬁning stress due to the steel cage and forces in the vertical
angles were calculated considering both directly and indirectly
connected angles.
From the obtained results, it was concluded the following:
1. Using vertical angles welded to horizontal spaced strips
in order to strengthen concrete column is very efﬁcient
and the gain in the axial load capacity of the strength-
ened columns was very promising. The increase in axial
load is between 2.1 and 1.35 of those of the unstrength-
ened columns. This gain is due to the conﬁnement
effect of the external steel cage, and the ability of the
steel angle to resist a part of the applied axial load even
in the case of indirectly connected angles. The failure in
most of the strengthened specimens was due to the
buckling of the steel angle followed by crushing of
the concrete columns. Also, it was noticed that axial
ductility of the strengthened column increased by
50% in most cases comparing to that of the unstrength-
ened columns.2. In all tested strengthened columns, failure was initiated
by the buckling of the vertical angles after their yielding
in most cases. No yielding of the horizontal strip was
observed. This is due to the relatively large size of the
horizontal strips with respect to the vertical angles.
3. Using epoxy grout instead of cement grout slightly
enhanced the behavior of the strengthened column.
Therefore, it may be economical to use cement grout
to ﬁll the gap between the steel cage and concrete col-
umn due the higher cost of epoxy grout comparing with
that of cement grout.
4. Directly connected vertical angles to the head of the
column enables to transfer load directly to the angle.
All angles connected in this manner showed yielding
before failure of the strengthened column. On the other
hand, load was transferred to indirectly connected
angles by friction, and the angles did not reach yielding
in this case. Nevertheless, the ultimate load capacity of
columns with indirectly load angles was between 1.35
and 1.90 of those of the unstrengthened columns.
5. The proposed analytical model predicted the ultimate
strength including the conﬁning effect of the outer steel
cage.The results obtainedby the analyticalmodel showed
fairly good agreement with the experimental results.
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